Evaluation of changes in magnetic resonance diffusion tensor imaging of the bilateral optic tract in monocular blind rats.International Journal of Developmental Neuroscience http://dx.doi.org/10. 1016/j.ijdevneu.2017.02.006 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Introduction
Diffusion tensor imaging (DTI), which measures the random motion of water molecules, reflects central nervous system integrity and pathology. Thus, DTI is a non-invasive technique that has been extensively used to detect changes in the visual pathway in humans (Hajiabadi et al., 2016; Hofer et al., 2010; Shimony et al., 2006; Wheeler-Kingshott et al., 2006; Zhang et al., 2012b) and animals (Thuen et al., 2009; Xu et al., 2008; Yan et al., 2014) . However, the optic tract is rarely investigated, especially for changes that occur after transection of the optic nerve. The fractional anisotropy (FA) parameter measures the orientation coherence of diffusion and provides information about the fiber integrity (Engelhorn et al., 2012a) . The mean diffusivity (MD) is used to quantitatively assess the magnitude of the diffusion of water molecules, independent of direction (Gupta et al., 2012) . The axial diffusivity (AD) is defined as the magnitude of water diffusion parallel to the axonal fibers, and the radial diffusivity (RD) is the apparent water diffusion coefficient in the direction perpendicular to the axonal fibers (Song et al., 2003a) . These DTI-derived parameters are sensitive to the pathology of white matter injury.
Mn
2+ has long been used as an MRI contrast agent because this paramagnetic ion affects the longitudinal relaxation rate of surrounding water protons. Takashi Watanabe et al. (Watanabe et al., 2001) showed that the best results for revealing a continuous pattern of the visual pathway in rats were obtained at 24 h after Mn 2+ injection. Marte Thuen et al. (Thuen et al., 2009) is not easy to distinguish by regular MRI, the T 1 -weighted signal enhancement of the visual pathway on MEMRI provides anatomic information when selecting the regions of interest in rats.
The visual pathway, which is a white matter bundle composed of medullated fibers, originates from the retina and terminates in the visual cortex of the occipital lobe. It conducts nervous impulses transformed from optical visual information to the visual center in the occipital lobe. We hypothesized that in early monocular blind rats, obvious fibrous integrity and pathology changes of the left optic tract could be detected during the development of visual pathways. To test our hypothesis, we utilized neonatal rats to establish a monocular blind model to investigate the bilateral FA, MD, AD and RD changes of the optic tract by inter-group and intra-group analysis of 3 T MRI data in vivo.
Materials and methods

Ethics statement
This study was carried out in strict accordance with the recommendations in the Guide for 
Animals and preparations
Eight healthy male Sprague-Dawley (SD) rats were randomly divided into two groups (group A and group B). The four rats in group A were used as a control group. Transection of the right optic nerve was performed in rats in group B at seven days after birth to establish the early monocular blind model. The optic nerve transection protocol was as follows. Under an operating microscope, we bluntly transected and dissected the tissues around the eyeball until the optic nerve was clearly exposed. Next, a small section of the optic nerve was removed from the surgical eye to ensure that the optic nerve was completely transected. Four months after the operation, MnCl 2 was injected into the left eyes of all rats, and MRI examinations were performed 24 h after injection. The procedure of intraocular injection of MnCl 2 was as follows. Several lincomycin eye drops were applied to the left eyes of anesthetized rats. Then, a needle was inserted into the lateral border of the corneosclera. A microsyringe was used to insert the needle into the vitreous body to inject 200 nmol (2 μl) MnCl 2 with an injection speed of 0.1 μl/min. The needle remained in the vitreous body for more than five min after the injection and then was slowly withdrawn.
MRI
All MR examinations were performed on a 3.0 T scanner (Verio; Siemens, Erlangen, Germany) with magnetic-field gradients up to 45 mT/m/s amplitude and a magnetic-field gradient switching rate of up to 200 mT/m/s. T 1 -weighted imaging (T 1 WI) data were acquired on each rat with a Spin Echo (SE) sequence (TR=400 ms, TE=13 ms, slice thickness=1.5 mm, intersection gap=0, matrix size=256×256, FOV=78 mm×78 mm, Averages=2, flip angle=90° and number of slices=8). DTI was performed in the axial plane with 1.5 mm slice thickness using a single-shot echo planar imaging (EPI) sequence (TR=3800 ms, TE=87 ms, FOV=88 mm×88 mm, Averages=5, 12 directions, b=0 and 600 s/mm 3 ).
Data processing
DTI data were processed using the vendor software (Neuro 3D, Siemens, Erlangen, Germany) to generate maps of FA, MD, AD and RD. The fiber directions on color FA maps were as follows: red=left-right; blue=superior-inferior; green=anterior-posterior.
Regions of interest (ROIs) of approximately 5 mm 2 were manually selected by combining information from both color FA map and T1WI sequence. Then, we obtained the bilateral FA, MD, AD and RD values of the optic tract in all rats.
Statistical Analysis b
Statistical analyses were performed by using SPSS 19.0 software (IBM, USA). The comparisons of FA, MD, AD and RD values between the ipsilateral optic tract (inter-group) and between the left and right optic tract (intra-group) were evaluated using nonparametric
Mann-Whitney U test and post-hoc Bonferroni's multiple comparison test. The data are presented as the mean and standard deviation (SD). A significant difference was indicated when the P value was less than 0.05, and a highly significant difference was indicated when the P value was less than 0.001.
Results
The inter-group comparisons of FA, MD, AD and RD values between the ipsilateral optic tracts and the intra-group comparisons between the left and right optic tract are shown in 
Discussion
DTI is an important MRI technique that not only reflects the diffusion characteristics of water but also shows the travel direction of the fibrous structures. Water diffusion is highly anisotropic in the white matter of the nervous system because the overall mobility of the diffusing molecules is limited by intracellular and extracellular compartments (Beaulieu, 2002) . DTI characterizes the structure of brain tissue based on underlying water diffusivity, and it can provide functional and structural information about the white matter by quantitatively measuring FA, MD, AD and RD (Basser et al., 1994) . Numerous studies have used DTI to investigate normal or abnormal white matter development of the visual pathway in humans and animals (Shimony et al., 2006; Song et al., 2003a; Trip et al., 2006; Zhang et al., 2012b) . Zhang et al. (Zhang et al., 2012a) To our knowledge, this is the first study to report qualitative measurements of DTI-derived parameters of the optic tract in monocular blind rats. We can investigate anatomical and functional changes of the bilateral optic tracts during the development of visual pathways in neonatal monocular blind models of rats by detecting changes in the DTI parameters. In our study, significantly decreased FA and increased RD values were detected in the left optic tract in group B compared to group A. However, no significant difference was observed in MD or AD values. The results were consistent with a study by Ho (Ho et al., 2015) , which showed that FA was decreased, RD was increased, and MD and AD were normalized in the left optic tract of rats and mice injected with N-methyl-D-aspartate (NMDA) in the right eye compared to normal controls. FA has been reported to be sensitive to white matter integrity, and MD can reflect the mean of the three diffusivities and characterizes the mean-squared displacement of molecules (Takeuchi et al., 2015; Won et al., 2016) . Therefore, the decreased FA and normalized MD in our study indicated that transection of the right optic nerve in rats would cause damage to the fiber integrity of the contralateral optic tract, whereas the average magnitude of water molecular motion was not changed. In addition, generally, AD and RD reflect axonal degeneration and demyelination, respectively (Song et al., 2003a) . Therefore, the increased RD and normalized AD in our study may indicate the demyelination of fibers in the left optic tract after the right optic nerve was transected, while the integrity of the axon was not destroyed.
Actually, Wheeler-Kingshott et al. (Wheelerkingshott and Cercignani, 2009 ) pointed out low anisotropy, inter-subjects anatomical difference, partial volume or an oblate diffusion ellipsoid, etc, can cause the changes of orientation of diffusion-tensor eigenvectors, which may lead to the uncertain result when comparing eigenvalues (AD and RD) across different subjects. However, in our study, the changes of orientation of eigenvectors were relatively small in optic tract because it has relatively high anisotropy without crossing fibers (Dasenbrock et al., 2011; Winston, 2012) . In addition, the other influencing factors mentioned above should be taken into account to reduce the changes of orientation of eigenvectors with larger sample size in our further study. Moreover, Engelhorn et al. (Engelhorn et al., 2012a ) reported a significant decrease in FA as well as a significant increase in RD in the optic nerve and the optic radiation of late glaucoma patients with low vision compared to controls. However, they did not investigate the variations of DTI parameters in the optic tract. Because transection of the optic nerve can be used as a model of late glaucoma (Kielczewski et al., 2005) , our study supplemented the consistent alterations of FA and RD in the bilateral optic tract based on research by Engelhorn, which suggested that the degeneration of white matter in the entire visual pathway occurs after blindness.
Additionally, compared to group A, we noted an increasing trend of FA in the right optic tract in group B, although the difference was not statistically significant between the two groups. Chan et al. (Chan et al., 2012 ) detected a significantly increased FA in the optic nerve projected from the remaining eye of monocular deprivation rats compared to normal rats, indicating that plastic changes occurred in the remaining optic nerve. In our study, DTI was performed at four months after transection of the right optic nerve, which was during the critical period in the neurodevelopment of neonatal monocular blind rats [17] .
Therefore, we speculated that plastic changes may occur in the right optic tract during the critical developmental period in monocular blind rats, but the plastic changes were not as significant as those in the optic nerve (Chan et al., 2012) . The transneuronal projection from the optic nerve to the optic tract may have weakened the reorganizations (Antonini et al., 1999) . However, further investigation with a larger sample size is needed to validate our results. As discussed previously, the transection of the right optic nerve in neonatal rats caused FA to decrease and RD to increase in the left optic tract, suggesting that the fiber integrity was damaged and that the fibers in the left optic tract were demyelinated during the critical period in the neurodevelopment of monocular blind rats. Meanwhile, plastic changes may occur in the right optic tract that projected from the remaining optic nerve.
What's more, we found differences in DTI parameters between the bilateral optic tracts in group B. FA was significantly lower, whereas RD was significantly higher in the left optic tract than in the right optic tract, which is consistent with the findings of a previous study that showed lower FA and higher RD in the optic nerve in the enucleated eyes of monocular deprivation rats (Chan et al., 2012) , indicating that the degree of degeneration between the contralateral and ipsilateral optic tract to the transected optic nerve is not synchronized over time. These differences may be due to the following reasons. First, the visual pathway of rats is specific, with more than 90% of the optic nerve fibers decussating at the optic chiasm to the contralateral optic tract (Chan et al., 2012; Kondo et al., 1974) . In our study, more than 90% of the nasal part of the damaged optic nerve sent projection fibers to the left optic tract. Therefore, more abnormal fibers were present in the left optic tract than in the right optic tract, which would cause more significant pathological changes in the left optic tract when the right optic nerve was transected. Second, the blind eye could not achieve normal vision, so visual information processing would rely more on the unaffected eye (Frenkel and Bear, 2004; Li et al., 2013a) . The data indicated that the right optic tract received more visual stimulation, which may lead to measurable DTI changes and the resulting in lower FA and higher RD values in the left optic tract relative to the right optic tract (Engelhorn et al., 2012b; Song et al., 2003b; Zhang et al., 2012a) . Third, developmental immaturity due to early visual deprivation during the critical developmental period may also be implicated in the mechanism of the differences between the left and right optic tracts in monocular blind rats (Pan et al., 2007; Sadato et al., 2002) . Thus, in our study, we can infer that obvious asymmetric neurodegeneration occurred between the left and right optic tracts after transection of the right optic nerve during a critical developmental period.
However, there were several limitations in the current study. First, the MR magnetic field (3 T) that we used was limited; we propose that a higher field MR, such as 7 T, would produce higher quality images. Second, our samples were not large (N=4 for each group), which may lead to false positive findings that can be reduced by using nonparametric
Mann-Whitney U test and post-hoc Bonferroni's multiple comparison test to some extent.
If sample size is creased, the increasing trend of FA in the right optic tract may become statistically significant between the two groups, indicating neuroplasticity may occur in the right optic tract in monocular blind rat; therefore, a larger sample will be needed in future studies. Third, a histological analysis was not conducted to contrast to the DTI results of our study; therefore, we will combine DTI with histology to validate our results in further studies.
In conclusion, our study demonstrated that transection of the unilateral (right) optic nerve in a rat causes structural integrity injury and demyelination in the contralateral (left) optic tract, but not in the ipsilateral (right) optic tract. All of these changes can be noninvasively and quantitatively detected by DTI parameters. In particular, a significant decrease in FA and an increase in RD could be used to quantitatively characterize neurodegeneration of the left optic tract during the critical development period of visual pathways in early monocular blind rats. 
